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DENDRITIC TAPER FOR AN INTEGRATED OPTICAL WAVELENGTH 

ROUTER 



FIELD OF THE INVENTION 
This invention relates generally to planar lightwave circuits for use in optical signal 
routing applications, in particular, planar lightwave circuits having arrayed waveguide 
gratings. 



BACKGROUND 

The increase in Internet traffic, the number of telephones, fax machines, computers 
with modems, and other telecommunications services and equipment over the past several 
10 years has caused researchers to explore new ways to increase fiber optic network capacity 

by carrying multiple data signals concurrently through telecommunications lines. To 
expand fiber network capacity, fairly complex optical components have already been 
developed for wavelength division multiplexing (WDM) and dense wavelength division 
multiplexing (DWDM). 

15 In a WDM system, multiple optical data signals of different wavelengths are added 

together in a device called a multiplexer and the resulting data signal is transmitted over a 
fiber optic cable. The wavelength division multiplexed signal comprises a plurality of 
optical signals having a predetermined nominal wavelength difference from each other. A 
demultiplexer separates the multiple optical data signals of different wavelength. Any 

20 WDM system must include at least one component to perform the function of optical 

multiplexing (namely, the multiplexer) and at least one component to perform the function 
of optical demultiplexing (namely, the demultiplexer). The optical multiplexer and the 
optical demultiplexer are each examples of optical wavelength routers. 

In general, an optical wavelength router has at least one input optical port and at 

25 least on output optical port. In an optical router, light may be transmitted from a specific 

input port to a specific output port only if the light has an appropriate wavelength. 
Complex WDM systems may require optical wavelength router components that are more 
complex than a multiplexer or a demultiplexer. For example, an arrayed waveguide grating 
(AWG) or an integrated reflection grating may be used in a multiplexer, a demultiplexer, or 

30 a more general optical router. 
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Planar lightwave circuit technology is one technology that may be used to 
implement an optical wavelength router. A planar lightwave circuit (PLC) is an application 
of integrated optics. In a PLC, light is restricted to propagate in a region that is thin 
(typically between approximately 1 |am and 30 i±m) in one dimension, referred to herein as 
the lateral dimension, and extended (typically between 1 mm and 100 mm) in the other two 
dimensions. A plane that is perpendicular to the lateral dimension of the PLC is defined as 
the plane of the PLC. The longitudinal direction is defined as the direction of propagation 
of light at any point on the PLC. The lateral direction is defined to be perpendicular to the 
plane of the PLC. The transverse direction is defined to be perpendicular to both the 
longitudinal and the lateral directions. 

In a typical example of a PLC, a slab waveguide comprises three layers of silica 
glass are used with the core layer lying between the top cladding layer and the bottom 
cladding layer. Channel waveguides are often formed by at least partially removing 
(typically with an etching process) core material beyond the transverse limits of the channel 
waveguide and replacing it with at least one layer of side cladding material that has an 
index of refraction that is lower than that of the core material. The side cladding material is 
usually the same material as the top cladding material. In this example, each layer is doped 
in a manner such that the core layer has a higher index of refraction than either the top 
cladding or bottom cladding. When layers of silica glass are used for the optical layers, the 
layers are typically deposited on a silicon wafer. As a second example, slab waveguides 
and channel waveguides comprise three or more layers of InGaAsP. In this example, 
adjacent layers have compositions with different percentages of the constituent elements In, 
P, Ga, and As. As a third example, one or more of the optical layers of the slab waveguide 
and/or channel waveguide may comprise an optically transparent polymer. Another 
example of a slab waveguide comprises a layer with a graded index such that the region of 
highest index of refraction is bounded by regions of lower indices of refraction. A doped- 
silica waveguide is usually preferred because it has a number of attractive properties 
including low cost, low loss, low birefringence, stability, and compatibility for coupling to 
fiber. 

A PLC optical router comprises an optical waveguide for each input optical port 

and an optical waveguide for each output port. Each input and output optical waveguide 

confines the light in both the lateral and the transverse direction. A PLC optical router also 

comprises at least one region comprising a slab waveguide, which confines the light in the 
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lateral direction but not in the transverse direction. A PLC optical router further comprises 
at least one optical dispersive region, which may be either an arrayed waveguide grating 
(AWG) region or an integrated reflection grating. 

FIG. 1 depicts an AWG optical router that acts as a demultiplexer 10. A plurality of 
optical signals incident on one input optical port propagates through the device in the 
following sequence: the signals propagate through an input waveguide 12, which is a input 
waveguide associated with the input port; through an input slab waveguide 14, which has 
the function of expanding the optical field in the transverse direction by diffraction; 
through the dispersive region 16 (namely, the array waveguide region) comprising an array 
of AWG waveguides 18 for modifying the direction of propagation for each wavelength 
constituent according to the wavelength of the constituent of the plurality of signals; 
through an output slab waveguide 20 for focusing the signals of different wavelength 
coupled from the dispersive region 1 6 into a plurality of predetermined positions in 
accordance with the predetermined wavelength difference; through a plurality of output 
waveguides 22 each associated with one output port. 

The dispersive property of the arrayed waveguide grating (AWG) region is 
attributable to the construction of the plurality of waveguides within the waveguide grating 
region such that adjacent waveguides have a predetermined length difference in accordance 
to the required dispersive properties of the dispersive region 16, so that each signal at 
different wavelength coupled to and traveling over each channel waveguide is provided 
with a phase difference from each other in accordance with the predetermined length 
difference. Each of the output waveguides 22 includes an input end 24, which is arranged 
at a predetermined position, so that each separated signal at each wavelength is coupled to 
each output waveguide 22 and emerges from an output end 26 thereof. 

In operation, the wavelength division multiplexed signals coupled into the input 

channel waveguide 12 expand into the input slab waveguide 14 by diffraction. Then, the 

expanded signals are distributed to the channel waveguides 1 8 of the arrayed- waveguide 

grating 16. Because each channel waveguide 18 of the arrayed-waveguide grating 16 has a 

predetermined waveguide length difference, each signal, after traveling over each channel 

waveguide 18 to the output slab waveguide 20, has a predetermined phase difference 

according to its waveguide length difference. Since the phase difference depends on the 

wavelength of the signal, each signal at different wavelength is focused on a different 

position along the arc boundary 28 of the output slab waveguide 20. As a result, separated 
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signals, each having a different wavelength, are received by the plurality of output channel 
waveguides 22 and emerge therefrom, respectively. 

The general principles and performance of an AWG multiplexer are similar to the 
AWG demultiplexer, except that the direction of propagation of light is reversed, the ports 
that act as inputs for the demultiplexer act as output ports for the multiplexer, and the ports 
that act as output ports for the demultiplexer act as input ports for the multiplexer. 

Multiple routing functions including multiplexing and demultiplexing may be 
integrated on a silicon wafer to form a complex planar lightwave circuit (PLC). PLCs can 
be made using tools and techniques developed to extremely high levels by the 
semiconductor industry. Integrating multiple components on a PLC may reduce the 
manufacturing, packaging, and assembly costs per function. 

The details of the design and manufacture of an optical router comprising an AWG 
depend to some extent on the performance requirements. Aspects of performance that are 
affected by the present invention are referred to as insertion loss, passband width, ripple, 
and adjacent channel isolation. These terms, as well as a number of related terms will now 
be defined. 

Spectral transmissivity (in units of dB) is defined as the optical power (in units of 
dBm) of substantially monochromatic light that emerges from the fiber that is coupled to 
the input port minus the optical power (in units of dBm) of the light that enters the optical 
fiber that is coupled to the output port of the optical router. Spectral transmissivity is a 
function of the selected input port, the selected output port, the optical wavelength, and the 
polarization state of the incident light. As illustrated, for example, in FIG. 2a, the maximal 
spectral transmissivity 30 refers to the spectral transmissivity for the incident polarization 
state that provides the maximum value for spectral transmissivity. The minimal spectral 
transmissivity 32 refers to the spectral transmissivity for the incident polarization state that 
provides the minimal value for spectral transmissivity. In general, the incident polarization 
state used to determine maximal and minimal spectral transmissivities is a function of 
wavelength, and depends on the input port and the output port used. The mean spectral 
transmissivity (in dB units) 34 is defined as the mean of the maximal spectral 
transmissivity (in dB units) 30 and the minimal spectral transmissivity (in dB units) 32. 

Insertion loss (IL) is illustrated in FIG. 2b. The insertion loss for a particular 

input/output port combination is defined as the minimum value 36 of the minimal spectral 

transmissivity 38 within the International Telecommunication Union (ITU) band 40 (i.e., a 
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0.2 nm range of wavelengths that is centered on a predetermined target wavelength) for the 
particular input/output port combination. The center wavelength (CW) for a particular 
input/output port combination is defined as the mean value of all wavelengths of light that 
provide a mean spectral transmissivity that is larger than —3 dB. 
5 Ripple is illustrated with reference to FIGs. 2c and 2d. Ripple (in dB units) for a 

particular input/output combination is defined as the maximum value 42 of the maximal 
spectral transmissivity 44 within the ITU band 46 minus the minimum value 48 of the 
minimal spectral sensitivity 50 within the ITU band 46. For example, FIG. 2c corresponds 
to a relatively small disparity in taper widths and FIG. 2d corresponds to a relatively large 

1 0 disparity in taper widths. 

The passband width depends on a predetermined reference insertion loss level and 
the particular input/output combination. Of particular interest is the value denoted as 
1.0BW", which is the passband width with respect to the —1 dB insertion loss reference 
level. For example, as shown in FIG. 2e, -1 .0BW is defined as the difference in 

1 5 wavelength between a first wavelength and a second wavelength, wherein both the first and 

the second wavelengths provide a mean spectral transmissivity that equals -1 .0 dB for a 
particular input/output port combination, and the first wavelength is larger than the center 
wavelength (CW) and the second wavelength is smaller than the center wavelength. The 
definitions of -0.5 BW, -3.0BW and -20BW are the same as -1 .0BW, except that the 

20 spectral transmissivity reference levels are ~0.5dB, -3.0dB and -20 dB respectively. 

Adjacent isolation (ADJJSO) is illustrated in FIG. 2f. For a multiplexer, ADJJSO 
is defined as the difference between a first spectral transmissivity 52 and a second spectral 
transmissivity 54, wherein the first spectral transmissivity is the minimum 52 of the 
minimal spectral transmissivity 54 within the ITU band 58 associated with a predetermined 

25 first input/output port combination and the second spectral transmissivity is the maximum 

54 of the maximal spectral transmissivity 60 associated with a second input/output port 
combination, wherein the first and second input/output port combinations share a common 
output port and the input ports of the first and second input/output ports combinations are 
adjacent. ADJJSO for a demultiplexer is defined in a similar manner, except that a 

30 common input port is used and adjacent output ports are used in the definition. 

IL_AVE is defined as the average (AVE) insertion loss (EL) of values for all 
input/output port combinations that are used for a particular application of the device. 
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RIPPLE_AVE, -0.5BW_AVE, -1.0BW_AVE, -3.0BW_AVE, -20 BW_AVE, and 
ADJ_ISO_AVE, have similar definitions. 

IL_WC is defined as the value of insertion loss (IL) for the input/output 
combination (selected from among those that are used for a particular application) that 
provides the "worst case" (WC) value of IL, i.e., the smallest IL value. RJPPLE_WC is 
defined as the value of RIPPLE for the input/output combination (selected from among 
those that are used for a particular application) that provides "worst case" value of RIPPLE, 
i.e., the largest value of RIPPLE. 

The performance requirements depend to some extent on the type of AWG optical 
router. For example, the performance requirements for a multiplexer differ to some extent 
from the performance requirements of a demultiplexer. High adjacent channel isolation 
(i.e. a small value for ADJJSO) is critical for a demultiplexer, but of no consequence for a 
multiplexer. A low insertion loss (i.e., a high value for IL), a wide passband width and low 
ripple are desirable for both a multiplexer and a demultiplexer; however, the design 
changes to achieve each of these individually may be contrary to the design requirements 
imposed by other performance requirements. For example, a design change to widen the 
passband may increase insertion loss (i.e., reduce the IL value). As a second example, a 
design change to widen the passband may reduce adjacent channel isolation (i.e., increase 
ADJJSO). This second example is important for a demultiplexer but is of no significance 
for a multiplexer. 

To the extent that other performance parameters are not adversely affected, it is 
desirable to have a wide passband width for a number of reasons. For example, in an 
optical network, a signal may originate from many different transmitters and then travel 
through many routers. Each of the transmitting lasers emitting at a channel wavelength 
must transmit within a given fraction of the allotted bandwidth. However, these lasers tend 
to drift for a number of reasons including variation in ambient temperature, aging, and 
other reasons. A wider passband width having a uniform insertion loss across the passband 
allows the lasers to drift without significantly affecting system performance. Also, a wider 
passband width generally reduces ripple within one channel. 

The passband width depends to a large extent on the details of the design in two 

regions of the AWG-based optical router: the region where the input waveguide joins the 

input slab waveguide, and the region where the output waveguide joins the output slab 

waveguide. In a conventional AWG-based optical router, the width of the waveguide at the 
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point where it joins the slab waveguide determines the size of the fundamental mode of the 
input/output waveguide that is supported by the input/output waveguide at the point of 
transition between the slab waveguide and the input/output waveguide. As a general trend, 
increasing the size of the fundamental mode on either the input side or the output side 
5 increases the passband width; however, the general trend has exceptions and is complicated 

by the fact that a portion of the optical power may propagate in modes that are of higher 
order than the fundamental mode. To take advantage of the general trend, the prior art 
describes the application of a taper 62, as illustrated in FIG. 3, comprising a input 
waveguide 64 that substantially increases in width as it approaches the slab waveguide 66 

10 to which it is attached. If the taper 62 is sufficiently wide, a portion of the optical power 

propagates in at least one mode in addition to the fundamental mode and complications 
may arise, which include the possibility of introducing a local minimum in the passband 
and thereby adversely affecting passband ripple along with the increase in passband width, 
for example,, as depicted in FIG. 2d. A taper region provides a transition from a first input 

15 waveguide segment 64 that is optimized for its transmission properties to a second input 

waveguide segment 68 that is optimized for its control of the mode size at a point 70 where 
it joins the slab waveguide 66. The width of the input waveguide 64 at the point 70 of 
attachment to the slab waveguide 66 is referred to as the taper width. 

In an AWG multiplexer, the plurality of input waveguides 64 is attached to the 

20 input slab waveguide along an arc that is limited in extent by design requirements. The 

limited extent of this region limits input taper width. The input taper pitch is defined as 
distance between the centers of two adjacent tapers where they meet the slab waveguide. 
In the conventional AWG multiplexer, input taper pitch together with the limits of the 
fabrication process limits the taper width and consequently limits the size of the 

25 fundamental mode at the end of the taper. The output taper width is usually less restricted. 

Consequently, on a multiplexer, the output taper width is usually wider than the input taper 
width. Similarly, on a demultiplexer, the input taper width is usually wider than the output 
taper width. Increasing either or both taper widths will increase the passband width; 
however, increasing the disparity between the widths on the input side and the output side 

30 adversely affects the insertion loss and may adversely affect passband ripple. For a 

multiplexer, it is desirable to maximize the width of the fundamental mode on the input 
side in order to maximize the passband width without adversely affecting the insertion loss 
and select the mode size on the output side that provides the best trade-off between 
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insertion loss and passband width. For the conventional multiplexer, this line of reasoning 
implies that the input taper widths should be as large as possible within the limits imposed 
by the pitch of the input tapers and the fabrication limitations. It should be emphasized that 
this line of reasoning is not rigorous and may not be effective in practice or may cause 
other performance requirements to fail; ultimately the approach requires careful 
experimental verification. For some multiplexers, the output taper widths should also be as 
large as possible within the limits imposed by the pitch of the input tapers and the 
fabrication limitations. A typical fabrication process may impose a gap that is between 
approximately lpm and 5pm, resulting in a maximum taper width that is less than the input 
taper width by an amount that is between lpm and 5pm. 

One objective of the present invention is to efficiently broaden the passband width 
of an AWG-based optical router using a taper region. In pursuit of this objective, a taper 
region is described that is designed to maximize the size of the optical mode at the end of 
the tapers within the constraints imposed by the taper pitch and fabrication limitations. 
When applying this to a demultiplexer, the extent to which the passband is broadened must 
be balanced against the reduction in adjacent channel isolation. When applying this to a 
multiplexer, the adverse affect on the adjacent channel isolation is not significant. Various 
embodiments of this invention address these issues. 



SUMMARY OF THE INVENTION 

In accordance with one aspect of the present invention, there is provided an optical 
wavelength router that includes at least one input waveguide, an input slab waveguide, an 
arrayed waveguide grating, an output slab waveguide, at least one output waveguide, and at 
least one dendritic taper region. The input slab waveguide is optically coupled to the at 
least one input waveguide. The input slab waveguide and an output slab waveguide are 
optically coupled via the arrayed waveguide grating. The at least one output waveguide is 
optically coupled to the output slab waveguide. The dendritic taper region includes at least 
one dendritic taper. The dendritic taper includes a trunk having a first end and a second 
end and at least one branch optically coupled to the trunk. 

In accordance with another aspect of the present invention, there is provided an 
optical wavelength router that includes at least one input waveguide, an input slab 
waveguide, an arrayed waveguide grating, an output slab waveguide, at least one output 
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waveguide, and at least one dendritic taper region. The input slab waveguide is optically 
coupled to the at least one input waveguide. The arrayed waveguide grating is optically 
coupled to the input slab waveguide. The output slab waveguide is optically coupled to the 
input slab waveguide via the arrayed waveguide grating. The at least one output 
5 waveguide is optically coupled to the output slab waveguide. The at least one dendritic 

taper region includes at least one dendritic taper which includes a trunk having a first end 
and a second end. The dendritic taper includes at least one branch optically coupled to the 
trunk. At least one of the dendritic taper regions is an input dendritic taper region located 
between the at least one input waveguide and the input slab waveguide. The input dendritic 

10 taper region is optically coupled to the input slab waveguide and to the at least one input 

waveguide. The first end of the trunk of the input dendritic taper region is located distally 
from the input slab waveguide relative to the second end of the input dendritic taper region 
which is located proximately to input slab waveguide. 

In accordance with yet another aspect of the present invention, there is provided an 

15 optical wavelength router that includes at least one input waveguide, an input slab 

waveguide, an arrayed waveguide grating, an output slab waveguide, at least one output 
waveguide, and at least one dendritic taper region. The input slab waveguide is optically 
coupled to the at least one input waveguide. The arrayed waveguide grating is optically 
coupled to the input slab waveguide. The output slab waveguide is optically coupled to the 

20 input slab waveguide via the arrayed waveguide grating. The at least one output 

waveguide is optically coupled to the output slab waveguide. The at least one dendritic 
taper region includes at least one dendritic taper which includes a trunk having a first end 
and a second end. The dendritic taper includes at least one branch optically coupled to the 
trunk. At least one of the dendritic taper regions is an output dendritic taper region located 

25 between the at least one output waveguide and the output slab waveguide. The output 

dendritic taper region is optically coupled to the output slab waveguide and to the at least 
one output waveguide. The first end of the trunk of the output dendritic taper region is 
located distally from the output slab waveguide relative to the second end of the output 
dendritic taper region which is located proximately to output slab waveguide. 

30 In accordance with another aspect of the present invention, there is provided an 

optical wavelength router that includes at least one input waveguide, a slab waveguide, at 

least one output waveguide, and at least one dendritic taper region. The slab waveguide is 

optically coupled to the at least one input waveguide and to the at least one output 
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waveguide. The slab waveguide includes an integrated reflection grating. The at least one 
dendritic taper region includes at least one dendritic taper that includes including a trunk 
having a first end and a second end. The dendritic taper includes at least one branch 
optically coupled to the trunk. 



5 BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other advantages of the invention will become apparent upon 
reading the following detailed description and upon reference to the drawings in which: 
FIG. 1 is a prior art AWG demultiplexer; 

FIG. 2a is a graph of spectral transmissivity versus wavelength that illustrates the 
10 maximal, minimal, and mean spectral transmissivities for an incident polarization state; 

FIG. 2b is a graph of spectral transmissivity versus wavelength that illustrates the 
insertion loss; 

FIG. 2c is a graph of spectral transmissivity versus wavelength that illustrates 

ripple; 

15 FIG. 2d is a graph of the spectral transmissivity versus wavelength that further 

illustrates ripple; 

FIG. 2e is a graph of spectral transmissivity versus wavelength that illustrates the 
passband width with respect to the -1 dB insertion loss reference level; 

FIG. 2f is a graph of spectral transmissivity versus wavelength that illustrates the 
20 adj acent isolation; 

FIG. 3 is a prior art input taper array; 

FIG. 4 is a multiplexer with a dendritic input taper region of the present invention; 

FIG. 5 is a dendritic taper of the present invention; 

FIG. 6 is a dendritic taper region of the present invention; 
25 FIG. 7 is a dendritic taper region of the present invention; 

FIG. 8 is a dendritic taper region of the present invention; 

FIG. 9 is a dendritic taper region of the present invention; 

FIG. 10 is a dendritic taper with a parabolic taper of the present invention; 

FIG. 1 1 is a multiplexer with a dendritic input taper region and a dendritic output 
30 taper region of the present invention; 



10 
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FIG. 12 is a demultiplexer with a dendritic input taper region, a dendritic output 
taper region, a dendritic first AWG taper array region and a dendritic second AWG taper 
array region of the present invention; and 

FIG. 13 is an integrated reflection grating multiplexer with a dendritic input taper 
5 region of the present invention. 

While the invention is susceptible to various modifications and alternative forms, 
specific variations have been shown by way of example in the drawings and will be 
described herein. However, it should be understood that the invention is not limited to the 
particular forms disclosed. Rather, the invention is to cover all modifications, equivalents, 
10 and alternatives falling within the spirit and scope of the invention as defined by the 

appended claims. 



DETAILED DESCRIPTION 
Turning now to the drawings and referring initially to FIG. 4, there is depicted an 
AWG multiplexer 100. Multiplexer 100 includes a plurality of input waveguides 102, a 

15 dendritic input taper region 104, an input slab waveguide 106, an arrayed waveguide 

grating (AWG) 108, an output slab waveguide 1 10, a conventional output taper region 1 12, 
and at least one output waveguide 114. As shown in FIG. 4, the input waveguides 1 02 are 
optically coupled to the input slab waveguide 106 via the dendritic input taper region 104. 
The input slab waveguide 106 and the output slab waveguide 1 10 are optically coupled via 

20 an AWG 108. The output waveguides 1 14 are optically coupled to the output slab 

waveguide 1 10 via the output taper region 1 12. The input/output slab waveguides 106, 1 10 
and the input/output waveguides 102, 1 14 along with branches or strips 1 16 of the input 
dendritic taper region are comprised of substantially the same material. 

In a typical embodiment, the slab waveguides 106 and 1 10 are comprised of at least 

25 three layers of doped silica deposited on a silicon wafer, namely, a bottom cladding layer 

that is approximately 5 jam to approximately 50 \xm thick, a core layer that is 
approximately 5 |xm to approximately 12 jjm thick and a top cladding layer that is 
approximately 5 jim to approximately 50 jam thick. In a typical embodiment the core layer 
typically has a refractive index that is larger than the refractive index of the bottom 

30 cladding by approximately between 0.02 and 0.2 and the refractive index of the bottom 

cladding is approximately between 1.4 and 2.2 as measured in the wavelength range 

11 
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between 1 520 nm and 1 600 nm. However, the invention is not so limited and may be 
applied to integrated optical routers comprising waveguides that are comprised of other 
materials such as InGaAsP, silicon, or polymer. Furthermore, the slab waveguide may 
comprise more than three optical layers or may comprise a graded index layer. In the 
preferred embodiment, the input/output slab waveguides and/or the input/output 
waveguides are single mode waveguides, i.e., only the fundamental mode is guided by the 
waveguide. 

The input waveguides 102 direct optical power from input fibers (not shown) in a 
direction determined by the physical boundaries of the input waveguides 102. In the 
preferred embodiment, the input waveguides 102 are approximately between 5 |im and 15 
jum wide, and approximately between 5 jLim and 12 jim thick and generally rectangular in 
cross-section. The input waveguides 102 are etched such that the plurality of input 
waveguides 102 form a slight bend 118, that is preferably slightly S-shaped, before 
contacting the input taper region 104. Each S-bend 118 changes the direction of 
propagation of the light from a direction that is parallel to the fiber from which the light 
came to a direction that points to a focal point near a boundary 120 of the input slab 
waveguide 106 that is opposite the boundary 122 at which the input taper region 104 is 
attached. The S-bends 118 also decrease the separation of the input waveguides 102 from a 
typical separation of either approximately 127 jam or 250 jwm at the location where the 
input waveguides 102 couple to the input fibers (not shown), to a separation typically 
between approximately 5 (jm and 50 pm at a location 124 where they couple to the input 
taper region 104. Also, the input waveguides 102 are substantially radially positioned 
along the input slab waveguide 106 such that they are radially directed toward a focal point 
located near the opposite side of the input slab waveguide 106. The input waveguides 102 
are optically coupled to the dendritic input taper region 104 and optical power is 
transmitted from the input waveguides 102 into the dendritic input taper region 104. 

The dendritic input taper region 104 comprises at least one dendritic input taper 
126. An illustrative example of a dendritic input taper 126 of this invention is depicted in 
FIG. 5. The illustrated taper 126 comprises a first region 128, which is herein referred to as 
the trunk 128 of the taper 126, and a plurality of additional segments 130, which herein are 
referred to as the branches 130 of the taper 126. In a typical embodiment of the present 
invention, the trunk 128 of the taper 126 is between approximately 5 ^im to 10 fim wide in 
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a transverse direction 131 at a first end 132 and between approximately 5 pm and 50 |im 
wide at a second end 134. In the typical embodiment, the second end 134 of the trunk 128, 
which is wider than the first end 132, is attached to the input slab waveguide 106. In the 
typical embodiment, the distance between the first end 132 and the second end 134 is the 
5 length of the taper 126 and extends between approximately 100 and 1000 \xm in a 

longitudinal direction 136. In the typical embodiment, as the distance from the first end 
132 of the taper 126 increases in the longitudinal direction 136, the width of the trunk 128 
increases smoothly and monotonically. The width of the trunk 128 may monotonically 
increase or decrease at a rate that does not exceed approximately 2\im of transverse width 
10 per 1 |im of longitudinal distance progressed. The trunk 128 includes a first side or 

boundary 138 and second side or boundary 140 that confine the trunk 128 in the transverse 
direction 131. 

In the present invention, at least one side, and typically both sides 138, 140, of the 
trunk 128 have a plurality of branches 130 attached. For clarity, FIG. 4 illustrates three 

15 branches 130 on each side 138, 140 of the trunk 128; however, the preferred embodiment 

has approximately 10 to 15 branches 130 on each of the sides 138, 140 of the trunk 128. 
The branches 130 comprise core material that remains in the plane of the PLC and extend 
outward from the trunk 128. Typically, the branches 130 extend outward only in the 
transverse direction 131 and, consequently, extend in a direction that is generally 

20 perpendicular to the longitudinal direction 136 of the trunk 128 of the taper 126. Other 

angles of extension relative to the trunk 128 are also within the scope of this invention. 
The widths of the branches 130 are typically less than approximately 50 pm in the 
longitudinal direction 136. Gaps 142 between branches 130 comprise side cladding 
material and are typically less than approximately 50 jam in the longitudinal direction 136. 

25 Typically, the branches 130 extend more than approximately 1 pin in the transverse 

direction 131; however, the invention is not so limited and the branches 130 could extend 
further. Because the trunk 128 and branches 130 of the present invention resemble 
structures on a tree, this invention is referred to herein as a dendritic taper. 

The number, spacing and size of the branches of the dendritic taper affect the 

30 optical properties of the taper. By selecting appropriate values for the number, spacing and 

size of the branches 130, a dendritic taper can be designed with optical properties that 
perform better than conventional non-dendritic tapers. The transverse limits of the trunks 
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128 of the dendritic tapers 126 along with the branches 130 of the dendritic tapers 126 are 
defined in a process that is substantially the same as the process for the fabrication of the 
waveguides. 

In an alternative embodiment of this invention, the width of the trunk 128 is 
constant throughout the length of the taper 126. In yet another embodiment, the width of 
the trunk 128 is smaller at the second end 134 of the taper 126 than it is at the first end 132 
of the taper 126. In yet another embodiment, the width of the trunk 128 of the taper 126 
changes non-monotonically. 

Referring to FIG. 6, for non-limiting illustrative purposes, there is depicted a 
dendritic taper region 104 showing three dendritic tapers 126a, 126b, and 126c each having 
an associated input waveguide 102a, 102b, and 102c, respectively. In this embodiment, 
branches 130a, 130b, and 130c of each dendritic taper 126a, 126b, 126c, respectively, do 
not interconnect. For example, the branches 130a of dendritic taper 126a do not 
interconnect with the branches 130b of dendritic taper 126b where dendritic taper 126a is 
adjacent to dendritic taper 126b. The branches 130b of dendritic taper 126b do not 
interconnect with the branches 130a or branches 130c of dendritic tapers 126a and 126c, 
respectively. 

Alternatively, referring to FIG. 7, for non-limiting illustrative purposes, there is 
depicted a dendritic taper region 104 showing three dendritic tapers 126a, 126b, and 126c 
each having an associated input waveguide 102a, 102b, and 102c, respectively. In this 
embodiment, branches 130a, 130b, and 130c of adjacent dendritic tapers 126a, 126b, and 
126c interconnect. For example, branches 130a of dendritic taper 126a interconnect with 
the branches 130b of adjacent dendritic taper 126b; and branches 130b of dendritic taper 
126b interconnect with branches 130a and 130c of adjacent dendritic tapers 126a and 126c, 
respectively; and branches 130c of dendritic taper 126c interconnect with branches 130b of 
adjacent dendritic taper 126b. The embodiment depicted by this figure is preferred over the 
embodiment depicted by FIG. 6. In this embodiment, the plurality of branches 130a, 130b, 
and 130c may also be described as a plurality of strips of core material that intersect trunks 
128a, 128b, and 128c of the tapers 126a, 126b, and 126c, respectively. 

In FIG. 8, there is depicted, for non-limiting illustrative purposes, a dendritic taper 

region 104 comprising five dendritic tapers 126 of this invention. In this embodiment, the 

plurality of branches 130 may also be described as a plurality of strips 130 of core material 

that traverse the trunks 128 of the tapers 126. The strips 130 that traverse the core may be 
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curved to accommodate trunks 128 that are not parallel to each other and still optimally 
traverse each trunk 128. The input dendritic taper region 104 includes a plurality of 
branches 130 that are so arranged as to from generally parallel strips 130 that substantially 
transversely intersect the trunks 128 to form a dendritic taper structure 104. Since the 
5 trunks 128 of the tapers 126 are radially positioned along the input slab waveguide 106, the 

strips 130 are slightly curved such that they are substantially perpendicular to the radially 
directed input waveguides 12 as exaggerated in FIG. 8. 

Turning now to FIG. 9, the dendritic input taper region 104 is illustrated with a 
greater number of strips 130, which are denoted by p u p2, P3, . . . p n . The strips 130 are 

10 progressively wider with distance towards the input slab waveguide 106. In the variation 

shown in FIG. 9, n strips 1 30 are shown. In one variation, the strips 130 range in width 
from approximately 4.0 jam to approximately (n+3) jum with the narrowest strip, pi, being 
located distally relative to the input slab waveguide 106 and the widest strip, p n , being 
located proximately relative to the input slab waveguide 106. In the preferred embodiment, 

1 5 the narrowest strip has a width that is equal to the smallest width that can be reliably 

fabricated with the particular fabrication process that is available for the manufacture of the 
device. 

Separation gaps 142 are defined between the strips 130 and between the input slab 
waveguide 106 and the strip, p n , that is closest to the input slab waveguide. These gaps 142 

20 and are denoted by si, S2, S3, . . . s n . The separation gaps 142 are progressively narrower 

with distance towards the input slab waveguide 106. In the variation shown in FIG. 9, n 
separation gaps 142 are shown. The width of the separation gaps 142 ranges from 
approximately 4.0 pm to (n+3) |Jin with the narrowest separation gap, s n , being located 
proximately relative to the input slab waveguide 106 and the widest separation gap, si, 

25 being located distally relative to the input slab waveguide 1 06. In the variation shown in 

FIG. 9, the narrowest gap is approximately 4.0 |im wide. In a preferred embodiment, the 
narrowest gap has a width that is equal to the smallest gap that that can be reliably 
fabricated with the particular fabrication process that is available for the manufacture of the 
device. 

30 In one embodiment, the width of a single strip, w(p n ) of the input dendritic taper 

region 104 and the width of its adjacent input separation gap, w(s n ) have a sum equal to a 
combined width that is a constant, Aj, that can be mathematically expressed as follows: 

15 

aNSDOCID: <WO 02069C07A1 J_> 



WO 02/069007 



PCT/US01/50258 



Ai=w(Pn)+w(Sn) 

As shown above, w(p n ) increases as the strips, pi, p 2 , p 3? . . . p„, become 
progressively closer to the input slab waveguide 106. In one variation, the period Aj is 
approximately 20 |xm. The widths of strips, pi, p 2 , p 3 , . . . p n , increase linearly such that the 
5 widths of the strips, p u p 2 , p 3 , . . . p n , are 4 |im, 5 jim, 6 jam, 7\im 9 8|im, 9pm . . . (n+3) jixm, 

respectively. Accordingly, the widths of the separation gaps, Si, s 2 , s 3 , . . . s n , decrease 
linearly such that the widths of the separation gaps, Si, s 2 , s 3 , . . . s n , are (n+3) |im, (n+2) 
Jim, . . .4 pm, respectively. This arrangement of strip widths and gap widths is one method 
of making the transition gradual, which is important for minimizing the extent to which 
10 optical radiation emerges out of the sides of the taper. However, the invention is not so 

limited and a number of variations are possible such that the widths of the strips 130 
generally increase with distance towards the input slab waveguide 106 and/or the widths of 
the separation gaps 142 generally decrease with distance towards the input slab waveguide 
106. For example, the widths of the separation gaps 142 may be constant and the widths of 

15 the strips 130 increase with distance towards the input slab waveguide 106. Alternatively, 

the widths of the strips 130 may be constant and the widths of the separation gaps 142 
decrease with distance towards the input slab waveguide 106. Furthermore, Aj does not 
need to be a constant and the widths need not vary linearly. For example, if Aj is a 
constant, then the ratio of the strip width w(p n ) to the period Aj can be viewed as a duty 

20 cycle. The duty cycle w(p n )/Ai can be related to the distance from the input slab waveguide 

106 by a number of functional relationships including, but not limited to, raised cosine, 
linear, and parabolic. The construction of the input dendritic taper region 104 can be varied 
to tailor the spectral profile. 

The trunks 128 are tapered using a gradual linear taper such that the trunks 128 

25 widen towards the input slab waveguide 106. The trunks 128 range in width from between 

approximately 5 |im and 10 urn at the first end 132 to approximately between 5 and 50 ^im 
at a second end 134. Although the taper is shown to be linear, the invention is not so 
limited. For example, the taper may be parabolic as shown in FIG. 10. Also, a vertical 
taper may be employed in the input taper region 104. A vertical taper generally involves 

30 adding a second high-index layer over the trunks 128. 
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As shown in FIG. 4, optical power entering the input slab waveguide 106 from the 
dendritic input taper region 104 is conveyed to the arrayed waveguide grating 108. The 
input slab waveguide 106 includes a free propagation region 144 defined between the 
dendritic input taper region 104 and the arrayed waveguide grating 108. The input slab 
5 waveguide 106 is between approximately 5 mm and 20 mm in length and is typically 

formed as a planar slab of low-loss dielectric or other material having an index of refraction 
that is approximately 1 .4 to approximately 2.2. Optical power transmitted across the input 
slab waveguide 106 is distributed to the AWG 108. 

The AWG 108 separates the individual wavelengths of light and diffracts each in a 
10 slightly different direction. To achieve a grating function, the AWG 108 includes a 

plurality of unequal length waveguides 146. Each unequal length waveguide 146 in the 
AWG 108 differs in length from its neighboring waveguide 146 by a predetermined 
amount. Optical power from the AWG 108 is transmitted to the output slab waveguide 
110. 

15 The output slab waveguide 110 includes a free propagation region 148 generally 

defined between the AWG 108 and the output taper region 112. Similarly to the input slab 
waveguide 106, the output slab waveguide 1 10 is between approximately 5 mm and 20 mm 
in length and typically formed as a planar slab of low-loss dielectric or other material 
having an index of refraction that is substantially the same as the input slab waveguide. 

20 Optical power from the output slab waveguide 1 10 is transmitted to the output taper region 

112. 

The output taper region 112 may include at least one conventional taper as shown in 
FIG. 4 or, alternatively, it may include at least one a dendritic taper as shown in FIG. 11. If 
a dendritic taper is used for the output taper region 1 12, the preferred embodiment of the 

25 output dendritic taper region 1 12 is understood to be consistent with the embodiments of 

the input dendritic taper region 104 described above such that the word "output" may 
replace the word "input" in the above description of the dendritic input region 104. 
However, variations between the input dendritic taper region 104 and the output dendritic 
taper region 112 may be evident in the number of strips or in the dimensions of various 

30 features provided that the dimensions of the features are within ranges described above for 

the dendritic input taper region 104. 

As shown in FIG. 1 1, the dendritic output taper region 112 comprises at least one 

dendritic output taper 150. The dendritic output taper 150 of this invention is substantially 
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similar to the dendritic input taper 126 depicted in FIG. 5. The dendritic output taper 150 
comprises a trunk 152, and a plurality of segments or branches 154. In a typical 
embodiment of the present invention, the trunk 152 of the taper 150 is between 
approximately 5 jam and 10 fim wide in a transverse direction at a first end 156 and 
between approximately 5 jam and 50 fun wide at a second end 158. In the typical 
embodiment, the second end 158 of the trunk 152, which is wider than the first end 156, is 
attached to the output slab waveguide 110. In the typical embodiment, the distance 
between the first end 156 and the second end 158 is the length of the taper 150 and extends 
between approximately 100 jam and 1000 jim in a longitudinal direction. In the typical 
embodiment, as the distance from the first end 156 of the taper 152 towards the second end 
158 increases in the longitudinal direction, the width of the trunk 152 increases smoothly 
and monotonically, and increases at a rate that does not exceed approximately 2\xm of 
transverse width per ljim of longitudinal distance progressed. The trunk 152 includes a 
first side or boundary 160 and second side or boundary 162 that confine the trunk 1 52 in 
the transverse direction. In particular, the width of the trunks 152 of the output tapers 150 
may be wider than the widths of the input tapers 126; however, in the preferred 
embodiments both the input taper widths and the output taper widths are approximately 
between 5 \xm and 50 (im. 

The PLC of FIGs. 4-1 1 has been described as a multiplexer with input optical 
signals, each at a different wavelength, entering the multiplexer from separate input fibers, 
and being combined into one output fiber. The invention has been described as a 
multiplexer having a dendritic input taper region 104 and an output taper region 112 that 
may comprise at least one dendritic taper 150 or a conventional taper; however, the 
invention is not so limited. The invention also applies to a multiplexer with a conventional 
input taper region and a dendritic output taper region. The invention also applies to a 
demultiplexer with a dendritic taper array for the output taper region and/or a dendritic 
taper array for the input taper region. The invention applies more generally to an AWG 
optical wavelength router. The invention also applies to an integrated reflection grating 
optical router. 

A demultiplexer 170 is shown in FIG. 12. The demultiplexer 170 includes at least 
one input waveguide 172, an input taper region 174, an input slab waveguide 176, an 
arrayed waveguide grating (AWG) 178, an output slab waveguide 180, an output taper 
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region 182, and a plurality of output waveguides 184. The input waveguides 172 are 
optically coupled to the input slab waveguide 176 via the input taper region 174. The input 
slab waveguide 176 and the output slab waveguide 180 are optically coupled by the AWG 
178. The output waveguides 1 84 are optically coupled to the output slab waveguide 1 80 
5 via the output taper region 1 82. The demultiplexer 170 separates numerous input optical 

signals, each at a different wavelength, entering the demultiplexer 170 through a single 
fiber, into several fiber outputs, using one fiber for each wavelength. 

One or more additional dendritic taper regions may be added to the multiplexer or 
demultiplexer in a location between an input and/or output slab waveguide and the AWG, 

1 0 that is, adjacent to the AWG. For example, in addition to an input and/or an output 

dendritic taper region, at least one dendritic taper region may be located between the input 
and/or output slab waveguide and the AWG. For example, as shown in FIG. 12, the 
demultiplexer includes a first AWG taper region 186 located between the input slab 
waveguide 1 76 and the AWG 1 78. The first AWG taper region 1 86 may include dendritic 

15 tapers of the types discussed above to form a dendritic first AWG taper region. A second 

AWG taper region 188 is located between the AWG 178 and the output slab waveguide 
180. The second AWG taper region 188 may include dendritic tapers of the types 
discussed as well to form a dendritic second AWG taper region. A multiplexer, as shown 
in FIG. 1 1, may similarly include a first AWG taper region 190 and a second AWG taper 

20 region 192 that may also include dendritic tapers. Any combination of AWG dendritic 

taper regions with input and/or output dendritic taper regions are within the scope an 
optical router of this invention. Preferably, the multiplexer or demultiplexer includes 
dendritic tapers in regions 186 and 188 for a demultiplexer and in regions 190 and 192 of 
FIG. 1 1 for as multiplexer as well a dendritic tapers in at least one of regions 104 or 1 12 of 

25 FIG. 1 1 or 174 or 182 of FIG. 12. 

FIG. 13 depicts a multiplexer 200 comprising an integrated reflection grating 202. 
The multiplexer 200 includes a« plurality of input waveguides 204, a dendritic input taper 
region 206, a slab waveguide 208, an integrated reflection grating 202, a conventional 
output taper region 210, and at least one output waveguide 212. The input waveguides 204 

30 are optically coupled to the slab waveguide 208 via the dendritic input taper region 206. 

The slab waveguide 208 and the output waveguide 212 are optically coupled via the output 
taper region 210. The thickness and material composition of each layer that comprise the 
slab waveguide and input/output waveguides are generally similar to those that may be 
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used for an AWG-based optical router as discussed above. The width and bend of the 
waveguide may also be similar to the optical router discussed above, with the exception 
that the input and output waveguides 204, 212 contact a single slab waveguide 208 from a 
side that is common for both the input and output waveguides 204, 212. The integrated 
5 reflection grating 202 is typically formed by etching a pattern that resembles a diffraction 

grating through the slab waveguide 208 and depositing a high reflection coating onto the 
surface exposed by the etching process as is well-known in the art. 

In operation, the input waveguides 204 direct optical power from input fibers (not 
shown) and couple the light to the slab waveguide 208. Light propagates through the slab 
10 waveguide 208 until it reaches the diffraction grating 202, whereupon the light is 

diffracted. A substantial portion of the diffracted light then propagates in a direction that is 
generally the reverse of the direction it had prior to encountering the diffraction grating 
202. The diffracted light is focused to a location that depends on the wavelength of the 
light. Light that was admitted to a particular input port that is within a predetermined 
1 5 wavelength range is substantially coupled to the output waveguide 212. 

It is understood that the dendritic taper region 206 is substantially similar to the 
embodiments for the input dendritic taper region 104 described above. FIG. 13 depicts the 
application of a dendritic taper region 206 in the region where the input waveguides 204 
contact the slab waveguide 208. An alternative embodiment includes at least one dendritic 
20 taper in the output taper region 2 1 0 as well as the input region 206. An alternative 

embodiment has at least one dendritic taper in the output taper region 210 and conventional 
tapers in the input taper region 206. The invention may also apply to a demultiplexer or a 
more general integrated optical wavelength router comprising an integrated reflection 
grating. 

25 One advantage of the instant invention is an increase in passband width as 

demonstrated by the experiments and the experimental data described below. Several 
AWG-based multiplexers of FIG. 4 and FIG. 1 1 were fabricated. Adjacent passbands were 
separated by 100 GHz. The AWG was designed to multiplex a maximum of 46 optical 
signals with optical frequencies in the range from approximately 196.1 THz to 191.6 THz. 

30 The pitch of the input taper array was approximately 16 pm. The maximum width of a 

conventional taper was approximately 12 jam and the maximum width of the trunk of a 
dendritic taper was approximately 12 pm. The lengths of the tapers used where within the 
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range of approximately 150|im to approximately 600p.m. The input and output taper 
combinations that were tested are tabulated in Table 1 . 



Table 1: 



comparison 


input taper 


output taper 


output taper 


group number 


design 


width (jjm) 


design 


1 


Conventional 


22 


Conventional 


1 


Dendritic 


22 


Conventional 


2 


Conventional 


14 


Conventional 


2 


Dendritic 


14 


Conventional 


3 


Conventional 


15 


Conventional 


3 


Dendritic 


15 


Dendritic 



5 

The objective of the experiment was to determine the effect of the application of the 
dendritic taper array to the input of the multiplexer on the passband width. The desirable 
affect is to increase the passband width at the -0.5 dB point (i.e., the value of 
0.5BW_AVE"), at the -1.0 dB reference level (i.e., the value of "-1.0BW_AVE"), and at 

10 the -3.0 dB reference level (i.e., the value of "-3.0BW_AVE"). Increasing the passband 

width at the -20 dB reference level is not necessarily desirable and, in fact, is usually 
undesirable. The experiment examines the effect of replacing the conventional taper array 
with the dendritic taper array in devices that fall into one of three categories listed as 
comparison group 1, comparison group 2 and comparison group 3 in Table 1. The values 

15 for the performance metrics in Table 2 and Table 3 represent values that have been 

averaged across all input waveguides for each device, and then averaged across all devices 
used in the experiment. For the data for the performance metrics in Table 4, the worst 
value for IL and RIPPLE in a particular device was determined for each device, then these 
values were averaged. 

20 The data for comparison group 1, having conventional tapers at the output, is shown 

in Table 2. In this case the output taper width was approximately 22 fim. In this case, 
replacing the conventional input taper array with the dendritic taper array increased — 
0.5BW_AVE from 0.312 nm to 0.321 nm (an increase of 2.88%), increased -1. 0B W_AVE 
from 0.444 nm to 0.464 nm (an increase of 4.50%), and increased -3.0BW_AVE from 
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0.735 nm to 0.781 nm (an increase of 6.26%). Furthermore, replacing the conventional 
input taper array with the dendritic taper array improved the IL by increasing the IL by 
approximately 0. 1 6dB. The improvement of performance on IL is significant because other 
techniques for increasing the passband width cause the IL performance to degrade. 
5 Replacing the conventional input taper array with the dendritic taper array increased the 

ADJJSO_AVE value by approximately 2.4dB. The change in ADJ_JSO_AVE is of no 
consequence for a multiplexer application; however, for a demultiplexer application, the 
change in ADJ_ISO_AVE represents poorer performance. Because of the change in 
ADJJSO_AVE, it is preferable to apply the present invention to a multiplexer, rather than 
10 a demultiplexer. 



Table 2: Data from Comparison Group 1 



parameter 


conventional 
taper array 


dendritic 
taper array 


-0.5BW_AVE (nm) 


0.312 


0.321 


-1.0BW_AVE(nm) 


0.444 


0.464 


-3.0BW_AVE (nm) 


0.735 


0.781 



The data for comparison group 2, having conventional tapers at the output, is shown 
1 5 in Table 3. The experimental conditions of this experiment are the same as for that shown 

in Table 2, except that in this case the output taper width was approximately 14 nm. In this 
case, replacing the conventional input taper array with the dendritic taper array increased - 
0.5B W_AVE from 0. 1 9 1 nm to 0.2 1 1 nm (an increase of 1 0.47%), increased - 
1.0BW_AVE from 0.271 nm to 0.301 nm (an increase of 1 1 .07%), and increased - 
20 3.0BW_AVE from 0.471 nm to 0.522 nm (an increase of 10.83%). Furthermore, replacing 

the conventional input taper array with the dendritic taper array did not significantly change 
the IL(the change was less than O.ldB). The lack of degradation of performance on IL is 
significant because other techniques for increasing the passband width cause the IL 
performance to degrade. Replacing the conventional input taper array with the dendritic 
25 taper array changed the ADJJSO_AVE from -26.40 dB to -19.87 dB. The change in 

ADJ_ISO_AVE is of no consequence for a multiplexer application; however, for a 
demultiplexer application, the change in ADJJBO_AVE represents poorer performance. 
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Because of the change in ADJ_ISO_AVE, it is preferable to apply the present invention to 
a multiplexer, rather than a demultiplexer. 

In comparison of the data from Table 2 with that of Table 3, it is evident that the 
application of the present invention provides a greater advantage when the output taper has 
5 a narrower width. 



Table 3: Data from Comparison Group 2 



Parameter 


conventional 
taper array 


dendritic 
taper array 


0.5 BW_AVE (nm) 


0.191 


0.211 


1.0 BW_AVE (nm) 


0.271 


0.301 


3.0BW_AVE(nm) 


0.471 


0.522 



The data for comparison group 3 is shown in Table 4. In this case, the comparison 

10 is made between a device that has conventional tapers at both the input and the output 

versus a device that has dendritic tapers at both the input and the output. This experiment 
included data from 30 devices using the conventional input taper array and 15 devices 
using the dendritic taper array. In this case the output taper width was approximately 15 
|um. In this case, replacing the conventional input taper array with the dendritic taper array 

1 5 increased -1 .0B W_AVE from 0.270 nm to 0.340 nm (an increase of 25.93%). 

Furthermore, replacing the conventional input taper array and the conventional output taper 
array with dendritic taper arrays did not significantly change the IL_WC, which remained 
approximately constant (the change was less than O.ldB. The lack of degradation of 
performance on IL_WC is significant because other techniques for increasing the passband 

20 width cause the IL_WC performance to degrade. Replacing the conventional input taper 

array and the conventional output taper array with dendritic taper arrays improved the value 
of the RIPPLEJWC from 0.897 dB to 0.647 dB, an improvement of 0.25 dB. The 
improvement in RIPPLE WC is generally associated with an increase in passband width 
provided that a local minimum of transmissivity does not appear within the passband as the 

25 passband broadening takes place. The experimental evidence shown in Table 4 verifies 

that this type of adverse passband distortion does not take place as a consequence of the 
application of the dendritic taper array. 
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Table 4: Data from Comparison Group 3 



parameter 


conventional 
taper array 


dendritic 
taper array 


1.0 BW_AVE (nm) 


0.270 


0.340 


RIPPLE_WC (dB) 


0.897 


0.647 



While the present invention has been described with reference to one or more 
particular variations, those skilled in the art will recognize that many changes may be made 
thereto without departing from the spirit and scope of the present invention. Each of these 
embodiments and obvious variations thereof are contemplated as falling within the spirit 
and scope of the claimed invention, which is set forth in the following claims. 
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CLAIMS 

1 . An optical wavelength router comprising: 
at least one input waveguide; 

an input slab waveguide optically coupled to the at least one input waveguide; 

an arrayed waveguide grating optically coupled to the input slab waveguide; 

an output slab waveguide optically coupled to the input slab waveguide via the 
arrayed waveguide grating; 

at least one output waveguide optically coupled to the output slab waveguide; and 

at least one dendritic taper region optically coupled to at least one of the input slab 
waveguide and output slab waveguide; the dendritic taper region including at least one 
dendritic taper; the dendritic taper including a trunk having a first end and a second end; the 
dendritic taper including at least one branch optically coupled to the trunk. 

2. The optical wavelength router of claim 1 wherein the trunk has a width that is 
constant. 

3. The optical wavelength router of claim 1 wherein the trunk has a width that 
increases monotonically from the first end to the second end. 

4. The optical wavelength router of claim 3 wherein the trunk has a width that 
increases monotonically from the first end to the second end such that the increase in width 
does not exceed approximately 2 pm per approximately 1 pm traversed from the first end to 
the second end. 

5. The optical wavelength router of claim 1 wherein the trunk has a width that 
decreases monotonically from the first end to the second end. 

6. The optical wavelength router of claim 1 wherein the trunk has a width that varies 
non-monotonically. 

7. The optical wavelength router of claim 1 wherein the trunk has a linear taper. 
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8. The optical wavelength router of claim 1 wherein the trunk has a parabolic taper. 

9. The optical wavelength router of claim 1 wherein the trunk has a vertical taper. 

10. The optical wavelength router of claim 1 wherein at least one branch of at least one 
dendritic taper is interconnected with at least one branch of another at least one dendritic 
taper. 

1 1 . The optical wavelength router of claim 1 wherein at least one branch of at least one 
dendritic taper is not interconnected with at least one branch of another at least one 
dendritic taper. 

12. The optical wavelength router of claim 1 wherein the at least one branch is curved. 

13. The optical wavelength router of claim 1 wherein the branches increase in width 
with distance from the first end to the second end. 

14. The optical wavelength router of claim 13 wherein the branches define separation 
gaps therebetween; each of the separation gaps having a constant width. 

15. The optical wavelength router of claim 13 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 

16. The optical wavelength router of claim 13 wherein the branches define separation 
gaps therebetween; each branch having an associated separation gap such that each branch 
and its associated separation gap have a combined width that is a constant. 

17. The optical wavelength router of claim 16 wherein the combined width of each 
branch and its associated separation gap is 20 jim. 
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18. The optical wavelength router of claim 13 wherein the branches define separation 
gaps therebetween; each branch having an associated separation gap such that each branch 
and its associated separation gap have a combined width that is not a constant. 

19. The optical wavelength router of claim 1 wherein the branches have a constant 
width with distance from the first end to the second end. 

20. The optical wavelength router of claim 19 wherein the branches define separation 
gaps therebetween; each of the separation gaps having a constant width. 

21. The optical wavelength router of claim 19 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 



15 22. The optical wavelength router of claim 1 wherein the optical wavelength router is a 

multiplexer. 

23. The optical wavelength router of claim 1 wherein the optical wavelength router is a 
demultiplexer. 

20 

24. The optical wavelength router of claim 1 wherein the at least one branch is 
substantially perpendicular to the trunk. 

25. The optical wavelength router of claim 1 wherein the at least one branch is not 
25 perpendicular to the trunk. 

26. The optical wavelength router of claim 1 wherein the at least one branch has an 
index of refraction that is substantially the same as an index of refraction of the trunk. 

30 27. An optical wavelength router comprising: 

at least one input waveguide; 

an input slab waveguide optically coupled to the at least one input waveguide; 

an arrayed waveguide grating optically coupled to the input slab waveguide; 
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an output slab waveguide optically coupled to the input slab waveguide via the 
arrayed waveguide grating; 

at least one output waveguide optically coupled to the output slab waveguide; and 

at least one dendritic taper region optically coupled to at least one of the input slab 
waveguide and output slab waveguide; the dendritic taper region including at least one 
dendritic taper; the dendritic taper including a trunk having a first end and a second end; the 
dendritic taper including at least one branch optically coupled to the trunk; 

wherein one of the at least one dendritic taper region is an input dendritic taper 
region located between the at least one input waveguide and the input slab waveguide; the 
input dendritic taper region being optically coupled to the input slab waveguide and to the 
at least one input waveguide; the first end of the trunk of the input dendritic taper region 
being located distally from the input slab waveguide relative to the second end of the input 
dendritic taper region which is located proximately to input slab waveguide. 

28. The optical wavelength router of claim 27 further including a first AWG dendritic 
taper region; the first AWG dendritic taper region being located between the input slab 
waveguide and the arrayed waveguide grating; the first AWG dendritic taper region being 
optically coupled to input slab waveguide and to the arrayed waveguide grating; the first 
end of the trunk of the first AWG dendritic taper region being located distally from the 
input slab waveguide relative to the second end of the trunk of the first AWG dendritic 
taper region which is located proximately to input slab waveguide. 

29. The optical wavelength router of claim 27 or 28 further including a second AWG 
dendritic taper region; the second AWG dendritic taper region being located between the 
output slab waveguide and the arrayed waveguide grating; the second AWG dendritic taper 
region being optically coupled to the output slab waveguide and to the arrayed waveguide 
grating; the first end of the trunk of the second AWG dendritic taper region being located 
distally from the output slab waveguide relative to the second end of the trunk of the 
second AWG dendritic taper region which is located proximately to the output slab 
waveguide. 

30. The optical wavelength router of claim 27 wherein the trunk has a width that is 
constant. 
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3 1 . The optical wavelength router of claim 27 wherein the trunk has a width that 
increases monotonically from the first end to the second end. 

5 32. The optical wavelength router of claim 3 1 wherein the trunk has a width that 

increases monotonically from the first end to the second end such that the increase in width 
does not exceed approximately 2 \xm per approximately 1 jxm traversed from the first end to 
the second end. 



10 33 . The optical wavelength router of claim 27 wherein the trunk has a width that 

decreases monotonically from the first end to the second end. 

34. The optical wavelength router of claim 27 wherein the trunk has a width that varies 
non-monotonically. 

15 

35. The optical wavelength router of claim 27 wherein the trunk has a linear taper: 

36. The optical wavelength router of claim 27 wherein the trunk has a parabolic taper. 
20 37. The optical wavelength router of claim 27 wherein the trunk has a vertical taper. 

38. The optical wavelength router of claim 27 wherein at least one branch of at least 
one dendritic taper is interconnected with at least one branch of another at least one 
dendritic taper. 

25 

39. The optical wavelength router of claim 27 wherein at least one branch of at least 
one dendritic taper is not interconnected with at least one branch of another at least one 
dendritic taper. 

30 40. The optical wavelength router of claim 27 wherein the at least one branch is curved. 

41 . The optical wavelength router of claim 27 wherein the at least one branch increases 

in width with distance from the first end to the second end. 
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42. The optical wavelength router of claim 41 wherein the branches define separation 
gaps therebetween; each of the separation gaps having a constant width. 

5 43. The optical wavelength router of claim 41 wherein the branches define separation 

gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 

44. The optical wavelength router of claim 41 wherein the branches define separation 
10 gaps therebetween; each branch having an associated separation gap such that each branch 

and its associated separation gap have a combined width that is a constant. 

45. The optical wavelength router of claim 44 wherein the combined width of each 
branch and its associated separation gap is 20 jim. 

15 

46. The optical wavelength router of claim 41 wherein the branches define separation 
gaps therebetween; each branch having an associated separation gap such that each branch 
and its associated separation gap have a combined width that is not a constant. 

20 47. The optical wavelength router of claim 27 wherein the branches have a constant 

width with distance from the first end to the second end. 

48. The optical wavelength router of claim 47 wherein the branches define separation 
gaps therebetween; each of the separation gaps having a constant width. 

25 

49. The optical wavelength router of claim 47 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 

30 50. The optical wavelength router of claim 27 wherein the optical wavelength router is 

a multiplexer. 
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5 1 . The optical wavelength router of claim 27 wherein the optical wavelength router is 
a demultiplexer. 

52. The optical wavelength router of claim 27 wherein the at least one branch is 
5 substantially perpendicular to the trunk. 

53. The optical wavelength router of claim 27 wherein the at least one branch is not 
perpendicular to the trunk. 

10 54. The optical wavelength router of claim 27 wherein the at least one branch has an 

index of refraction that is substantially the same as an index of refraction of the trunk. 



55. An optical wavelength router comprising: 
at least one input waveguide; 

15 an input slab waveguide optically coupled to the at least one input waveguide; 

an arrayed waveguide grating optically coupled to the input slab waveguide; 

an output slab waveguide optically coupled to the input slab waveguide via the 
arrayed waveguide grating; 

at least one output waveguide optically coupled to the output slab waveguide; and 
20 at least one dendritic taper region optically coupled to at least one of the input slab 

waveguide and output slab waveguide; the dendritic taper region including at least one 
dendritic taper; the dendritic taper including a trunk having a first end and a second end; the 
dendritic taper including at least one branch optically coupled to the trunk; 

wherein one of the at least one dendritic taper region is an output dendritic taper 
25 region located between the output slab waveguide and the at least one output waveguide; 

the output dendritic taper region being optically coupled to the output slab waveguide and 
to the at least one output waveguide; the first end of the trunk of the output dendritic taper 
region being located distally from the output slab waveguide relative to the second end of 
the output dendritic taper region which is located proximately to the output slab waveguide. 

30 

56. The optical wavelength router of claim 55 further including an input dendritic taper 

region located between the at least one input waveguide and the input slab waveguide; the 

input dendritic taper region being optically coupled to the input slab waveguide and to the 
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at least one input waveguide; the first end of the trunk of the input dendritic taper region 
being located distally from the input slab waveguide relative to the second end of the input 
dendritic taper region which is located proximately to the input slab waveguide. 

57. The optical wavelength router of claim 56 further including a first AWG dendritic 
taper region; the first AWG dendritic taper region being located between the input slab 
waveguide and the arrayed waveguide grating; the first AWG dendritic taper region being 
optically coupled to the input slab waveguide and to the arrayed waveguide grating; the 
first end of the trunk of the first AWG dendritic taper region being located distally from the 
input slab waveguide relative to the second end of the trunk of the first AWG dendritic 
taper region which is located proximately to the input slab waveguide. 

58. The optical wavelength router of claim 56 or 57 further including a second AWG 
dendritic taper region; the second AWG dendritic taper region being located between the 
output slab waveguide and the arrayed waveguide grating; the second AWG dendritic taper 
region being optically coupled to the output slab waveguide and to the arrayed waveguide 
grating; the first end of the trunk of the second AWG dendritic taper region being located 
distally from the output slab waveguide relative to the second end of the trunk of the 
second AWG dendritic taper region which is located proximately to the output slab 
waveguide. 

59. The optical wavelength router of claim 55 further including a first AWG dendritic 
taper region; the first AWG dendritic taper region being located between the input slab 
waveguide and the arrayed waveguide grating; the first AWG dendritic taper region being 
optically coupled to the input slab waveguide and to the arrayed waveguide grating; the 
first end of the trunk of the first AWG dendritic taper region being located distally from the 
input slab waveguide relative to the second end of the trunk of the first AWG dendritic 
taper region which is located proximately to the input slab waveguide. 

60. The optical wavelength router of claim 55 or 59 further including a second AWG 

dendritic taper region; the second AWG dendritic taper region being located between the 

output slab waveguide and the an-ayed waveguide grating; the second AWG dendritic taper 

region being optically coupled to the output slab waveguide and to the arrayed waveguide 
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grating; the first end of the trunk of the second AWG dendritic taper region being located 
distally from the output slab waveguide relative to the second end of the trunk of the 
second AWG dendritic taper region which is located proximately to the output slab 
waveguide. 

5 

61. The optical wavelength router , of claim 55 wherein the trunk has a width that is 
constant. 

62. The optical wavelength router of claim 55 wherein the trunk has a width that 
10 increases monotonically from the first end to the second end. 

63. The optical wavelength router of claim 62 wherein the trunk has a width that 
increases monotonically from the first end to the second end such that the increase in width 
does not exceed approximately 2 |xm per approximately 1 |j.m traversed from the first end to 

15 the second end. 

64. The optical wavelength router of claim 55 wherein the trunk has a width that 
decreases monotonically from the first end to the second end. 

20 65. The optical wavelength router of claim 55 wherein the trunk has a width that varies 

non-monotonically. 

66. The optical wavelength router of claim 55 wherein the trunk has a linear taper. 
25 67. The optical wavelength router of claim 55 wherein the trunk has a parabolic taper. 

68. The optical wavelength router of claim 55 wherein the trunk has a vertical taper. 

69. The optical wavelength router of claim 55 wherein at least one branch of at least 
30 one dendritic taper is interconnected with at least one branch of another at least one 

dendritic taper. 
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70. The optical wavelength router of claim 55 wherein at least one branch of at least 
one dendritic taper is not interconnected with at least one branch of another at least one 
dendritic taper. 

71 . The optical wavelength router of claim 55 wherein the at least one branch is curved. 

72. The optical wavelength router of claim 55 wherein the branches increase in width 
with distance from the first end to the second end. 

73. The optical wavelength router of claim 72 wherein the branches define separation 
gaps therebetween; each of the separation gaps having a constant width. 

74. The optical wavelength router of claim 72 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 

75. The optical wavelength router of claim 72 wherein the branches define separation 
gaps therebetween; each branch having an associated separation gap such that each branch 
and its associated separation gap have a combined width that is a constant. 

76. The optical wavelength router of claim 75 wherein the combined width of each 
branch and its associated separation gap is 20 fxm. 

77. The optical wavelength router of claim 72 wherein the branches define separation 
gaps therebetween; each branch having an associated separation gap such that each branch 
and its associated separation gap have a combined width that is not a constant. 

78. The optical wavelength router of claim 55 wherein the branches have a constant 
width with distance from the first end to the second end. 

79. The optical wavelength router of claim 78 wherein the branches define separation 
gaps therebetween; each of the separation gaps having a constant width. 
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80. The optical wavelength router of claim 78 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 

5 81. The optical wavelength router of claim 55 wherein the optical wavelength router is 

a multiplexer. 

82. The optical wavelength router of claim 55 wherein the optical wavelength router is 
a demultiplexer. 

10 

83. The optical wavelength router of claim 55 wherein the at least one branch is 
substantially perpendicular to the trunk. 

84. The optical wavelength router of claim 55 wherein the at least one branch is not 
1 5 perpendicular to the trunk. 

85. The optical wavelength router of claim 55 wherein the at least one branch has an 
index of refraction that is substantially the same as an index of refraction of the trunk. 

20 86. An optical wavelength router comprising: 

at least one input waveguide; 

an slab waveguide optically coupled to the at least one input waveguide; the slab 
waveguide including an integrated reflection grating; 

at least one output waveguide optically coupled to the slab waveguide; and 
25 at least one dendritic taper region including at least one dendritic taper; the dendritic 

taper including a trunk having a first end and a second end; the dendritic taper including at 
least one branch optically coupled to the trunk. 

87. The optical wavelength router of claim 86 wherein the at least one dendritic taper 
30 region is an input dendritic taper region located between the at least one input waveguide 

and the slab waveguide; the input dendritic taper region being optically coupled to the slab 
waveguide and to the at least one input waveguide; the first end of the trunk of the input 
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dendritic taper region being located distally from the slab waveguide relative to the second 
end of the input dendritic taper region which is located proximately to the slab waveguide. 

88. The optical wavelength router of claim 86 or 87 wherein the at least one dendritic 

5 taper region is an output dendritic taper region located between the slab waveguide and the 

at least one output waveguide; the output dendritic taper region being optically coupled to 
the slab waveguide and to the at least one output waveguide; the first end of the trunk of the 
output dendritic taper region being located distally from the slab waveguide relative to the 
second end of the output dendritic taper region which is located proximately to the slab 
10 waveguide. 

89. The optical wavelength router of claim 86 wherein the trunk has a width that is 
constant. 

1 5 90. The optical wavelength router of claim 86 wherein the trunk has a width that 

increases monotonically from the first end to the second end. 

91 . The optical wavelength router of claim 90 wherein the trunk has a width that 
increases monotonically from the first end to the second end such that the increase in width 

20 does not exceed approximately 2 ^m per approximately 1 \im traversed from the first end to 

the second end. 

92. The optical wavelength router of claim 86 wherein the trunk has a width that 
decreases monotonically from the first end to the second end. 

25 

93. The optical wavelength router of claim 86 wherein the trunk has a width that varies 
non-monotonically. 

94. The optical wavelength router of claim 86 wherein the trunk has a linear taper. 

30 

95. The optical wavelength router of claim 86 wherein the trunk has a parabolic taper. 

96. The optical wavelength router of claim 86 wherein the trunk has a vertical taper. 
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97. The optical wavelength router of claim 86 wherein at least one branch of at least 
one dendritic taper is interconnected with at least one branch of another at least one 
dendritic taper. 

5 

98. The optical wavelength router of claim 86 wherein at least one branch of at least 
one dendritic taper is not interconnected with at least one branch of another at least one 
dendritic taper. 

10 99. The optical wavelength router of claim 86 wherein the at least one branch is curved. 

100. The optical wavelength router of claim 86 wherein the branches increase in width 
with distance from the first end to the second end. 



15 101. The optical wavelength router of claim 1 00 wherein the branches define separation 

gaps therebetween; each of the separation gaps having a constant width. 

102. The optical wavelength router of claim 100 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
20 to the second end. 



103. The optical wavelength router of claim 100 wherein the branches define separation 
gaps therebetween; each branch having an associated separation gap such that each branch 
and its associated separation gap have a combined width that is a constant. 

25 

104. The optical wavelength router of claim 103 wherein the combined width of each 
branch and its associated separation gap is 20 p,m. 

105. The optical wavelength router of claim 100 wherein the branches define separation 
30 gaps therebetween; each branch having an associated separation gap such that each branch 

and its associated separation gap have a combined width that is not a constant. 
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106. The optical wavelength router of claim 86 wherein the branches have a constant 
width with distance from the first end to the second end. 

107. The optical wavelength router of claim 106 wherein the branches define separation 
5 gaps therebetween; each of the separation gaps having a constant width. 

108. The optical wavelength router of claim 106 wherein the branches define separation 
gaps therebetween; the separation gaps decreasing in width with distance from the first end 
to the second end. 

10 

109. The optical wavelength router of claim 86 wherein the optical wavelength router is 
a multiplexer. 

110. The optical wavelength router of claim 86 wherein the optical wavelength router is 
15 a demultiplexer. 

111. The optical wavelength router of claim 86 wherein the at least one branch is 
substantially perpendicular to the trunk. 

20 1 12. The optical wavelength router of claim 86 wherein the at least one branch is not 

perpendicular to the trunk. 

113. The optical wavelength router of claim 86 wherein the at least one branch has an 
index of refraction that is substantially the same as an index of refraction of the trunk. 

25 
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